SUMMARY Short pulsed laser trabeculotomy has been shown to reduce intraocular pressure in patients with primary open angle glaucoma. This study seeks to determine the energy levels required to produce a fistula into the canal of Schlemm for four different Q-switched neodymium-YAG lasers. The laser was fired at fixed human trabecular meshwork specimens at a range of energy settings for each laser and the characteristics and replicability of the lesions produced were analysed. Energy levels between 3 and 5 mJ were sufficient to produce fistulae into the canal of Schlemm with an approximately 50% success rate for each instrument.
The pulsed neodymium-YAG laser may be used in a variety of ways for the treatment of glaucoma. These have been recently reviewed'2 and include peripheral iridotomy, reopening of trabeculotomy, graded trabeculectomy, lysis of synaechiae, cyclodialysis, sclerostomy, goniotomy, and internal trabeculotomy. Short pulsed lased internal trabeculotomy was first described by Krasnov' as a means of treating glaucoma. Unfortunately the pressure lowering effects of his treatment were not sustained beyond a few months.
Short pulsed laser trabeculotomy has been performed on a variety of ape species." Depending on the type of instrument used, energy levels between 05' and 305 mJ4 have been employed to produce a fistula into the canal of Schlemm. However, these studies have shown that there is little resultant effect on intraocular pressure or facility of outflow, and when the lesions heal they are covered by a sheet of endothelial cells with a Descemet-like basement membrane. It has, however, been argued that the failure to reduce normal intraocular pressure in a healthy monkey cannot be compared with the need to restore normal pressure in a patient with glaucoma." Moreover, a fistula through which there is a persistent flow of aqueous owing to a pressure differential would be more likely to remain patent.
Theoretical considerations suggest that 20 perforations of 10 [im diameter between the anterior chamber and the canal of Schlemm should restore
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normal outflow facility in open angle glaucoma.9 For clinical studies the type of instrument used, the energy levels chosen, and the number of laser applications required to treat patients with glaucoma by pulsed laser trabeculotomy have hitherto been chosen empirically."'-'2 When three to six superimposed laser applications were used, closure of the fistula ensued.'2 However, multiple single laser applications have produced a sustained reduction in intraocular pressure."'" Owing to microscopic variations in the morphological characteristics of the trabecular meshwork, lesions produced at the same laser energy settings are not entirely replicable, and it has been argued that extensive experimental trial and error methods with electron microscopic evaluation are required to produce data to guide future research.'3 Most of the morphological studies of pulsed laser trabeculotomy have been carried out on lesions produced with specially built apparatus, and the energy levels used are not comparable with those required for instruments which are currently available.
We have recently described the aiming criteria quired to produce a fistula into the canal of -chlemm'4 and have shown that lesions produced in the trabecular meshwork are to a certain extent energy dependent.", Moreover, we have demonstrated that the energy levels required to produce a fistula in vivo are similar to those which were determined by in-vitro experiments. '4 In order to establish guidelines for future clinical research we have extended our previous work and have carried out an in-vitro scanning electron microscopic study of short pulsed Nd-YAG laser trabeculotomy lesions, produced by four currently marketed instruments. The energy levels required to produce a fistula into the canal of Schlemm were ascertained, and the replicability of the lesions produced by one or two such energy levels for each instrument were determined.
Materials and methods
Four Q-switched pulsed Nd-YAG lasers were employed. They comprised the Biophysic Medical Nanolas laser using the 100 convergence angle, the Zeiss Visulas laser, the Lasag Microruptor II, and the Lasag Topaz instruments.
Human trabecular tissue was prepared from donor eyes which had not suffered antecedent ocular disease. Tissues were fixed in 3% cacodylate buffered glutaraldehyde, and 2-3 mm wide radial segments of corneoscleral tissue containing the trabecular meshwork were prepared. The ciliary body and iris tissues were removed by sharp dissection from each specimen without disturbing the trabecular meshwork.
A small plastic waterbath was prepared, and a Trokel gonioscopic lens (Ocular Instruments Inc), designed for use with pulsed Nd-YAG lasers, was mounted with a watertight seal into one end. The bath was filled with normal saline. Each specimen was in turn mounted on cardboard and immersed in the bath in such a manner that the trabecular meshwork could be clearly seen with the laser slitlamp microscope through the centre of the Trokel lens.
Each laser was adjusted to the energy settings described, and the laser was aimed and fired twice at the posterior trabecular meshwork, close to the cut edge at each side of the wedge shaped specimen. This technique permitted subsequent scanning electron microscopic assessment of the lesions in both the transverse and vertical dimensions.
Each specimen was reimmersed in 0-2 M cacodylate buffer and prepared for scanning electron microscopy (Jeol JSMT 2000) by critical point drying and gold coating. Each lesion was then photographed.
It was not possible to produce exact measurements of the size of each lesion owing to variations in shape and the difficulty in defining the boundaries of each lesion. Thus lesions were graded both for size and neatness according to the protocol below, in preference to using quantitative but imprecise measurements. Fig. 1 illustrates the morphological characteristics of each of these grades. Two experiments were carried out for each of the four lasers. First, between three and six shots were fired at the posterior trabecular meshwork of separate specimens for each setting in a range of energy settings, and the lesions produced were graded. Energy levels required to produce reliably a fistula into the canal of Schlemm without disrupting the outer wall were determined. For the second experiment multiple shots were fired at such an energy level and the lesions produced were assessed in the same manner.
GRADINGS OF ND-YAG LASER LESIONS
Results Fig. 1 illustrates the appearances of the gradings described above.
The size gradings assigned by the three assessors for all micrographs were compared. For the 202 micrographs studied 86% of gradings showed at least two out of three in agreement, while for 14% the assessments differed. The X2-test was employed to verify that the level of concordance for the gradings was uniform for individual experiments. There was no significant difference (02<p<0.5). The neatness gradings demonstrated 40% complete concordance and 60% showed two out of three in agreement. The X2-test again confirmed that there was no significant variation between experiments (p<0-5). These figures indicate that both the gradings and the subjective assessments of neatness employed give satisfactory consistency. With regard to the replicability of the lesions produced, the likelihood of producing a fistula into the canal of Schlemm with the energy levels selected approximated to 50%, with a slightly higher success rate for the Zeiss Visulas instrument.
Discussion
Before applying short pulsed laser lesions on the trabecular meshwork with the intention of treating glaucoma it is important to establish the energy requirements to produce a patent fistula into the canal of Schlemm without disruption of the outer wall of the canal. Although these requirements have been established for specially built apparatus6 17 there have been few studies aimed at delineating the energy requirements for commercially available apparatus.'5 Criticisms of the above study include the fact that the tissue was fixed and not fresh, and that the optical system of a waterbath differs from that of the human eye. However, we have recently conducted a study with our own specially built apparatus on patients whose eyes were subsequently enucleated for melanoma and have found that the energy settings which were determined in vitro with fixed tissue' 7 did not differ significantly from those required to produce a fistula into the canal of Schlemm in vivo. 14 Moreover, the alternative primate experiments are difficult and expensive, and the different morphology of the trabecular meshwork makes the results difficult to interpret and extrapolate for use in man. The disparity in the grading assessments apportioned by the three authors in the present study arose as a result of the difficulties in definitively interpreting the degree of tissue disruption. Nevertheless, the results obtained indicated that, although the extent of tissue damage is partly energy dependent, there is considerable variation between shots at the same energy levels.
The instruments which were investigated differ considerably both in design and construction and in price. The 
